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OBJECTIVE: 1) To investigate the effect of energy spread, emittance,
laser pulse shape and misalignment on x-rays generated by Thomson
backscattering using lasers as undulators, and their applications. 2)
To address compact FEL issues.

APPROACH: 1) Formulate Thomson, also known as Compton, backscattered
radiation for an electron beam with energy spread and finite emittance,
laser undulator of arbitrary pulse shape and misalignment. This
formulation is to be implemented on the computer. The computer code
will be applied to a variety of experimental configurations including
Vanderbilt and Duke FEL parameters. We will also evaluate other
configurations and medical applications. 2) For FELs to become a widely
utilized laser source, they must become more compact, less expensive,
and more user friendly. Each design will be strongly dependent on the
application. Some common threads are: reducing the beam energy, and
reducing the undulator period.

ACCOMPLISHMENTS: (last 6 months): We have formulated the Thomson

backscattered radiation for an electron beam with energy spread and
finite emittance, misalignment and laser undulator of arbitrary pulse
shape (see enclosure 1l). We have analyzed the radiation on axis for an
idealized step function radiation pulse shape with energy spread and
emittance. This simplified analysis is applied to examples where the
undulator is a state-of-the-art conventional laser (enclosure 2).

SIGNIFICANCE: The development of a compact, tunable, near monochromatic
hard x~ray source would have profound and wide ranging applications in a
number of areas, such as x-ray diagnostics, medical imaging, microscopy,
nuclear resonance absorption, solid~-state physics and material sciences.
Using the "K-edge" effect of atoms, the near monochromatic x-rays can
significantly enhance the imaging ability of low concentrations of trace
elements in the human body by digital differencing the data obtained at
two appropriate wavelengths. This can be applied to various cancer
detections and digital differential angiography.

The potential of FELS can only be fully achieved when FELs in medicine
can be used widely by physicians in hospitals and scientists in
universities or research institutes. Thus, we address the issues
related to compactness, cost and user interface.
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WORK PLAN (next 18 months): The formulation of Thomson backscattering
with arbitrary laser pulse shape, misalignment of beams and electron
beams with finite energy spread and emittance will be implemented. We
will evaluate the x-rays from proposed Vanderbilt Compton backscattering
experiments for various electron beam energies. The characteristics of
the Mark III electron beam, as well as the laser undulator pulse (the
FEL pulse in this case), vary as electron beam energy changes. The
Vanderbilt FEL can produce x-rays up to energy about 20 keV. X-rays of
30 KeV range have important applications in angiography. We will also
apply this concept to electron beams from accelerators utilizing
conventional lasers as an undulator to reach this regime.

Packaging of FELs for a few intended specific applications will be
addressed. For medical applications, tunable wavelength in the 1-3
micrometer regime is of particular interest because there is currently
an overlap of high transmission of optical fiber and water absorption
lines. Laser energy up to 1 J/microsecond would be of interest. We
will examine many of the issues effecting FEL design, such as beam
quality, cathode, accelerator, undulator, etc.

PUBLICATIONS:

1. “Tunable, Short Pulse Hard X-Rays from a Compact Laser Synchrotron
Source™, P. Sprangle, A. Ting, E. Esarey and A. Fisher, NRL Memorandum
Report 6973; also submitted to the Journal of Applied Physics.

2. "Thomson Backscattered X-Rays from Laser Undulators™, Cha-Mei Tang
and Bahman Hafizi, submitted to the 14th Intl. FEL Conference, Kobe,
Japan, 23-28 Aug 1992. This has been accepted as an invited talk.

3. T"Laser Synchrotron Radiation from Beams and Plasmas™, E. Esarey, P.
Sprangle and S. Ride, submitted to the 14th Intl. FEL Conference, Kobe,
Japan, 23-28 Aug 1992. This has been accepted as an invited talk.

4. 1991 FEL Prize talk, "Electron Beam Quality Limitations on Free
Electron Laser Operation at High Frequencies™, Phillip Sprangle,
submitted to the 14th Intl. FEL Conference, Kobe, Japan, 23-28 Aug 1992.
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X-Rays from Laser Undulators
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I. Formulation

We are interested in calculating the Thomson radiation pattern, spectrum and inten-
sity associated with a laser pulse propagating into an electron beam with finite emittance
and energy spread going in the opposite direction.

The laser pulse is assumed to be linearly polarized with frequency wy. The laser pulse

can be separated into fast and slow components,
A(n,r) = A(n,7)sin(n)é,, (1)

where n = kg -r + wirt, |kp| = wr/c. The pulse shape A(n,r) and ki(n,r) are slowly
varying functions and sin(n) is a fast oscillating component.

The energy radiated/ unit solid angle/ unit frequency per electron is

2

/°° dt nx (0 xf)expiw(t—n-r/c)]| . (2)

— 00

d?I e2w?

dwd)  4n2¢c

For a distribution of electrons with finite emittance and energy spread, the expression

becomes
&I 202
dwdQ ~ 4n?

[: 3z, /_: d*By f(x0,8,)

/00 dt[n x (n x é)] exp [iw(t —n-r/c)]| ,

g e <]

(3)

where f(xo,[_io) is the distribution function of electrons in phase space at position X,
and S, at initial time t = to, N = [ d*zo [7. d°Bo f(%0,0,) is the total number of

” above the variables

electrons, § = v/¢, v is the velocity, § is a vector and the symbol “~
denotes function of (xe,8,,1).
A convenient geometric system uses Cartesian coordinates for the velocity and position

of the electrons and spherical coordinates for the Thomson backscattering radiation.
i x (0 x 3) = — (B, cos8cos ¢ + B, cosfsing — 3, sinf)é, (
d i - 1)
+ (B, sing — By cos p)éy,

and

n-tr==asinfcos¢ + ysinfsing + zcosé, (5)
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where 3, = f-&,,& =Tt-é&;, and similarly for the y and z-components.

We separate the two components of the radiation

21 2L, P, 5
dodQl  dwdn T dodqt’ (6)

and perform the calculation in the variable 7, where

/ &z / @By f(xo,8,)

/ dn [Q—c050cos¢+ g—cosesmqb—— a—sm0] exp[zv,b]
oo n

dzlo

. ()

On on
d21¢ d3 * 3 \
dwdQ ~ 4n? w0 | Lho fx0.B,)
8
> [9% By ? (®)
/ dn | —sin¢ — —cosqS exp (9]
—eo L O7 on
- w w,_ . .
¥ = —n- —c—(zsm0c05¢+ysin05in¢+2(1+c050)), (9)
L
and
- or
dt = —
B 617d17

Starting at this point; the symbol “~” on top of the variables denotes function of (xo, go’ 7).
We assume that the observation point is sufficiently far away that all the electrons can be
considered to have the same (6, ¢).

For electron with only axial velocity, the electron has two constants of motion in the
1-D limit .} In the following, we assume that the electron transverse motion is small, i.e.,
(B24+8%,) << 1, laser intensity not exceedingly large, i.e., a << 270/8z0,and k) Ar << 1,
where Ar is the radius of the electron oscillation in the transverse direction driven by the

laser. The particle motions are

dz 1 = a(n,r) .

dn = wifey P07 T M) (10a)
dj 1 .
an = G ja ™ (o)




and

r) sin(n)| , (10¢)

i~ s P (° ini D) (<1 cos(zm) + B 2

where 8,0 = (1 — v, 2 — 82, — B2,)!/? is the initial axial velocity, 3, = (T —(1+~42(8% +
30))/ {76 (14+820)%))/2, Bzo = Bao/(1+B20), Byo = Byo/(1+Bs0), a(n,7) = a(n,7)/(1+Bs0)
and a(n,7) = (e/moc?)A(n,7). We assumed that an individual electron does not see the

transverse variation of the laser field. Their locations are

. Iy "o &(71',7")> ,}
T=2o+ 7~ |Bzo (n—10)+ [ On' | ——= ] si , 11
°+ wn/o) [ﬂo(n ) /’70 n ( S, ) sinn (11a)
- |
Y=y + (‘T/c)ﬂyo (m = m0), (115)
and
-~ 1 A A K [} a I’ .
z=2z + [ﬂl (n —m0) + ﬂzo/ On (M) sin(n')
(Q)L/C) o Yo
. a2(r'7) (11¢)
- 617'(———1—) 1 — cos(27' },
/no 4y} ( 27))
where 7o = wp(ty + z9/c).
The phase can be rewritten as
Y = Po + ;w; {1 — (B,o sinfcos ¢ + ﬁ_yo sindsing + Gy(1 + cos@))] (m — 1)
s
_ v (sin0c05¢ + Bzo(1 + cos 0)) / dn'g(—n—’r—) sinn’
wr Mo Yo
12)
w (' ’7') (
Hhadl 0 A Y/ AN}
+wL(1+cos )/ 42
w K 62(77” ) ! !
_ ;L(l + cos §) /m, ——Hg— cos(2n')dn’,
where
Po = 1/;(’(07,30”70) = 5‘)_710 - :J (zosinfcos ¢ + yo sinBsing + 29(1 + cos b)).
- L
The § and ¢ components of the radiation are now
d*I, ezu.‘vzc2 3
dwdft = 4"'2“’1, / d "’0/ d*Bo f f(x0,8,)
7] 6'2(7’77') :
Bzo cosfcos ¢ + By cosOsing — ( f; — ——Ez— sin @ (13)
o0 0
a(n,r) _@*(q,r) ?
~ ———(cos@cos ¢ + B,sinf)siny > sin @ cos(2n)| exp [i9))
Yo vy




d2[¢ elw?c?

dwdQl 47r2wL

[ [ #6 fixo,)

/ dn [(ﬁ,o sin ¢ — ﬂ-yo cos ¢) — a(n,7) sin ¢ sin n] exp [u/;]

— oo Yo

. (14)

At this point we will convert the smooth laser pulse shape into a stepwise continuous

function. The laser pulse seen by an electron with initial condition (x0,8,) is denoted by

m:

J
Z a(n;)sin(n) h(n — nj-1)és, (15)

where

. _J1, fornjy <np<n;
h(n = nj-1) = {0, otherwise.

The phase can be integrated giving

b = o ; + do(n;)n + du(n;) cos g + d,(n;) sin(27) (16)

for nj_y < 1§ < n;, where
o
do(n;) = wiL {1 + [—(,5,,.0 cos ¢ + fy0 sin @) sin — (Bl — a_ﬁgl) (1 + cos 0)] } ,

d=(n;) = w% [sin 8 cos ¢ + Bro(1 + cos )] a(n;)

Yo
w a?(n;
d.(n;) = —;—I:(l + c050)~——822]),
0

and

Yo,; =%o — [do(nj)nj—1 + de(n;) cosn;—1 + d.(n;)sin(2n;_,)]
7-1

+ Z (do(m:)(mi — mi—1) + dz(m:)(cos i — cosmi—y) + d(m;)(sin(2n;) — sin(2n;-4)] -

Applying the stepwise continuous radiation pulse shape, it becomes

/ : a0 [ &6 fxa,8,)

J
X Z [go o(n;)Lo(n; (_;(’) ) I:(n;) (cos0cos¢ + Bzo sin (9) -

i=1

d’I, ezwzc2
dwd) 47r2wL

2

a(n;)?
51%2) Iz(nj)sinﬂ}

0

)

(17)




d*l, e*wic?

IRy

dwdQ? — 4n2wi |/_
J i 2 (18)
X Z [!]0,4,10(77]') + ag?)[z(nj)sin ¢] ,
j=1
where
n; .
hins) = [ dn'exp (x5, (19a)
N;-1
n; -
L) = [ dn'sing’exp lib(xa, 8,07, (195)
;-1
; }
Lng) = [ dn’cos(2n’)exp G (xa, By, (19¢)
;-1
~9 )
go,0(n;) = (B,g cos ¢ + Byo sin @) cos § — (,@1 — a_4(7772_])> sin 8,
0
and

90,6 = Bzosing — Byo cos ¢.
Now, we will integrate over n by expending the exponentials of sinn and cosn into

Bessel functions

exp [id;(n;)sin2n] = Y Jm(da(n;)) exp [i2mn), (20)
exp [idz(n;)cosn] = D Jn(dz(n;))explin(m/2+ )] = Y i"Ja(dz(n;)) exp [inn].
(21)

Substitute Eqgs. (20) and (21) into Eqs. (19a)-(19c), we obtain

Iy =2¢% ) Jn(ds(m3)) ) i*Te(dz(m5))pe,m(ns), (22a)
m L
I = =™ Y Jn(do(n;)) D iVe-1(de(n)) + Jer1(da(7;))pe,m (7)), (228)
m L

I = —e¥ Y Jn(do(n;)) Y i 1Jea(dz(n) + Jesa(de(n;))pem(ni),  (22¢)
m [4

1 (ei[(2m+l+d")’7i] _ ei[(2m+l+dn)ﬂj—1]) . (22d)

Pem(n;) = 2i(2m + € + do)

Now, we can evaluate various examples based on this formulation.
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II. Fundamental and Harmonics

The emission on axis is peaked at the fundamental and harmonics frequencies, which

is embedded in the expression for py ,,. The expression for p, ., can be rewritten as

AN itiam Vit sin
pt,m(ﬂj): 2-76[(2 +2+do(n;))(nj+n; _1)/2) . ,

where x = (2m + €+ do)(An;/2) and An; = n; — nj_1. Since py m, is peaked around x = 0.
For an electron beam propagating on axis with ;0 = 0 and B, = 0, the frequencies of

the peak intensity on axis radiated by electron at n; are

wy 4§
wp =h = =h , 23
P MTD(B - (@/40) (1 + w05 O)lemo 1+ a2(m;)/2" " (23)

where h = —2m — £ is the harmonic number and a(n;) = (1 + B,0)a(7;).

The expressions for Iy, I, and I, written in terms of the harmonic number become

I, =ze*¢°§jz pa13) 1) (e (15)) s (e 1) (24a)

I, = -’ ’:i i"ph(nj)Z(—l)’"Jm(d,(n,-)){Jh+2m_,(d,(n,-)) + Jht2m+1{dz(n;))] (24b)
=1 m
I, = —€'¥ Zl pa( UJ)Z "I m(dz (1) [Iht2m-2(d2(n;)) + Ihtr2m+2(d=(n;))], (24¢)
on(ny) = A;h i{(do(ny)~R)(ms +75-1)/2] S'“X(____hgi’;:), (24d)
where x» = (do — h)(An;/2).
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